The maximum power conversion efficiency of a solar cell as defined by the Shockley-Queisser (SQ) radiative recombination limit relies on the assumption that the collection probability for all photogenerated electron/holepairs is unity. This assumption implies a virtually infinite mobility µ of the photogenerated charge carriers. In order to compute the radiative efficiency limit with finite mobility, we solve the continuity equation for minority carriers including an additional integral term that accounts for emission of photons by radiative recombination and their subsequent reabsorption. Even when assuming radiative recombination as the only recombination mechanism, the achievable efficiency is reduced drastically when µ drops below a critical value mc. This critical value depends on the absorption coefficient and the doping density of the semiconductor. Thus, we give a criterion that has to be fulfilled by any photovoltaic material in order to guarantee charge separation even in an otherwise most ideal case. Finally, we extend our theory to finite non-radiative lifetimes thereby spanning the gap between the SQ theory and the classical textbook description of a pn-junction solar cell.
INTRODUCTION
Shockley and Queisser [1] based the calculation of the maximum power conversion efficiency in the radiative recombination limit on three basic assumptions: (i) The probability for the absorption of solar light by the generation of a (single) electron/hole-pair is unity for all photon energies larger than the band gap energy of the photovoltaic absorber material. (ii) The only loss mechanism is spontaneous emission of photons by radiative recombination of electron/hole-pairs as required by the principle of detailed balance. (iii) The collection probability for all photogenerated electron/hole-pairs is unity, which implies a virtually infinite mobility µ of the photogenerated charge carriers. As a consequence, this model does not consider transport of carriers, perfect carrier collection is simply postulated.
In contrast, the classical treatment of pn-junction solar cells [2] is based on the description of transport. Therefore, it takes into account geometrical extensions of the solar cell and the resulting spatial generation profile and collection probability. However, this treatment does not consider any requirements of the detailed balance principle concerning the radiation balance between the solar cell and its ambience. Thus, this theory is well suited for solar cells that are mostly dominated by non-radiative recombination, but disregards the balance of absorbed and emitted radiation when the lifetime comes close to the lifetime of radiative recombination.
The present contribution combines the ShockleyQueisser (SQ)-theory with the classical diode treatment. By adding an additional integral term to the diffusion equation that accounts for the repeated absorption and emission of photons [3, 4] , we account for carrier transport as well as electron/photon interaction. We are thus able to calculate the power conversion efficiency of a solar cell for any finite sample thickness d, absorption coefficient a, and minority carrier mobility m.
In the following, we shortly present the computation scheme. The analysis of the simulation results shows that even in the radiative recombination limit, insufficient carrier transport reduces the power conversion efficiency significantly.
REABSORPTION MODEL
To calculate the efficiency of a solar cell close to the radiative efficiency limit, we have to solve the integrodifferential equation [3, 4] 
for the minority carrier concentration. Here, D is the minority carrier diffusion constant, rad t the lifetime of radiative recombination, nr t the lifetime of non-radiative recombination, n0 is the equilibrium minority carrier (electron) concentration, Gext is the external generation rate caused by solar irradiation, and Gbb is the generation rate caused by ambient black body radiation. The internal generation rate Gint caused by reabsorption of photons that are emitted by radiative recombination throughout the sample is given by the integral 
where the exponential integral is given by
In addition to direct rays, we also consider multiple reflections. We distinguish between the two cases of (i) textured front surface that leads to a complete randomization of the reflected rays and (ii) plane front surface where the angles of incident and reflected ray are identical.
Since Eq. (1) cannot be solved analytically, we transform it into a finite difference scheme and solve the resulting linear matrix equation numerically. A detailed presentation of the reabsorption model will be given in [5] .
In this contribution we restrict the calculations to the simplest case of constant absorption coefficient a = a0 for energies E > Eg and a = 0 for E £ Eg, where Eg is the band gap energy. Calculations for energy dependent absorption coefficients will be given elsewhere [5] .
In order to discuss the results of the simulations we introduce normalized quantities. The mobility is normalized to the reference mobility
where q is the elementary charge, ni is the intrinsic electron concentration, NA is the doping concentration and bb F is the integrated black body flux for energies E > Eg. The minority carrier mobility m is related to the diffusion constant via D = m (kT / q). The lifetime is normalized to the reference lifetime
The radiative lifetime rad t depends on the functional dependence of a on the photon energy. For the case with constant absorption coefficient discussed here it holds 
As a result of the normalization all dependencies of the power conversion efficiency on the absorption coefficient a0, the doping density, and the minority carrier mobility m are included in the normalized mobility and the normalized lifetime. The only free parameters of the computation are (i) the normalized mobility m / mref, (ii) the normalized thickness a0d, (iii) the band gap energy Eg, and (iv) the ratio / rad nr ttof radiative and non-radiative lifetime.
Additionally, we compare a solar cell (i) with textured front surface that leads to a Lambertian directional randomization of the incident light rays and (ii) a solar cell with plane front surface.
RESULTS AND DISCUSSION
Radiative efficiency limits Figure 1 shows the computed radiative efficiency limit vs. the band gap energy Eg for a solar cell with textured front surface. The sample thickness is d = 10 / a0, thus yielding an absorptance of almost unity.
For high mobility, the efficiency approaches the SQ limit (stars). For low mobilities m < 10 mref, however, the efficiency is reduced drastically. As will be shown below, the short circuit current and the saturation current exhibit an identical dependence on the mobility. Therefore, the open circuit voltage is completely independent of mobility! Losses in the radiative power conversion efficiency are only caused by incomplete carrier collection and the resulting lower short circuit current.
This result shows that even in the radiative recombination limit with the unavoidable radiative recombination being the only loss mechanism, insufficient carrier transport significantly reduces the power conversion efficiency of solar cells. Figure 2 depicts the short circuit current JSC and the saturation current J0 normalized to their respective maximum values in the Shockley Queisser limit vs. the normalized mobility m / mref for a solar cell with band gap energy Eg = 1 eV and textured front surface. Due to the spectral independence of the absorption coefficient and the insensitivity of the generation profile to the direction of light incidence in a sample with textured surface, both normalized currents J0 and JSC are identical. The figure shows that for sufficiently high mobility, the normalized current saturates. Since the number of collected carriers cannot be larger than the number of absorbed photons, this limit is given by the thickness dependent absorptance of the cell. The currents drop sharply once the mobility is lower than a critical mobility mc which will be defined below. For low mobilities, i.e. when the diffusion length is smaller than the cell thickness, the normalized currents are limited by insufficient carrier transport and are independent of the cell thickness. Figures 3a and 3b display the absorptance A (squares) vs. the normalized thickness a0d for a cell with textured front surface (a) and plane front surface (b). The band gap energy is Eg = 1 eV. The absorptance is unity as long as the sample is thicker than the critical thickness dc and drops sharply when the thickness is reduced below dc. The comparison of Fig. 3a and 3b demonstrates the influence of the nature of the front surface on the critical thickness dc. The fact that texturing the front surface reduces the critical thickness by more than a factor of ten underlines the importance of light trapping by means of surface texturing in thin solar cells.
The figures also show the normalized short circuit current. As long as the mobility is large enough, the current approaches the absorptance. For lower mobilities, however, complete carrier collection is no longer possible and the current saturates at lower values determined by the diffusion length.
Analytic approximation
Some of the simulation results can readily be described by analytic expressions. To begin with, the absorptance of a sample with textured front surface as displayed in Fig. 3a (squares) reads as [5] ()
where the critical thickness
is the thickness at which it holds A( Fig 3b) , the absorptance is given by
with the critical thickness
The analytic approximations Eqs. (9) and (11) are displayed in Fig. 3 as barely visible dashed lines that are virtually identical to the numerically computed absorption. Let us now turn to the low mobility limit of the saturation current. If the mobility is low enough that the minority carrier concentration is constant n(x) = n0 almost through-out the sample, then we can approximate Eq. (2) with n(xr) = n0 and obtain the low mobility limit [5] 
shown as dashed line in Fig. 2 . The critical mobility in Fig. 2 is defined as the crossover point between the low mobility limit Eq. (12) and the absorptance limit Eq. (9). Thus, we obtain the critical mobility 
as shown in Fig. 2 .
Non-radiative recombination
Let us now consider a solar cell with non-radiative recombination. Figures 4a-c tt >> , the radiative recombination and, thus, reabsorption of photons is negligible, the reabsorption scheme is needed to obtain results that are in agreement with the SQ-theory. Figure 4b demonstrates that the short circuit current depends on the product of lifetime and mobility. Thus, the sharp drop in the current for increasing non-radiative recombination is shifted to the right for increasing mobility. In contrast, the open circuit voltage in Fig. 4c is almost exclusively governed by the lifetime and even slightly gains from decreasing mobility.
For low mobilities, the efficiency is dominated by the short circuit current. For sufficiently high mobilities, however, virtually complete carrier collection guarantees a high current and the efficiency is dominated by the open circuit voltage.
This result explains why for silicon solar cells the mobility has hardly any significance because it is on a sufficiently high level. In contrast, organic solar cells for instance, suffer from low efficiencies because their low carrier mobility leads to very low collection efficiencies [6, 7] .
SUMMARY
We extend the radiative detailed balance limit for photovoltaic energy conversion of pn-junction solar cells to the case of finite carrier mobilities. Hereto we combine charge carrier diffusion with non-local electron/photon interactions by radiative recombination and reabsorption. Our results define a critical mobility below which insufficient carrier collection leads to efficiency losses even if radiative recombination is assumed as the only loss process. For high mobilities, our theory approaches the SQ limit [1] . Inclusion of non-radiative recombination into our model bridges the gap between the SQ-theory and the classical theory [2] of pn-junction solar cells. We show, that the latter one is sufficiently accurate only if the nonradiative lifetime is at least ten times smaller than the radiative lifetime.
